Nicotinic acetylcholine receptors (nAChRs) are expressed throughout the hippocampus, and nicotinic signaling plays an important role in neuronal function. In the context of learning and memory related behaviors associated with hippocampal function, a potentially significant feature of nAChR activity is the impact it has on synaptic plasticity. Synaptic plasticity in hippocampal neurons has long been considered a contributing cellular mechanism of learning and memory. These same kinds of cellular mechanisms are a factor in the development of nicotine addiction. Nicotinic signaling has been demonstrated by in vitro studies to affect synaptic plasticity in hippocampal neurons via multiple steps, and the signaling has also been shown to evoke synaptic plasticity in vivo. This review focuses on the nAChRs subtypes that contribute to hippocampal synaptic plasticity at the cellular and circuit level. It also considers nicotinic influences over long-term changes in the hippocampus that may contribute to addiction.
Introduction
The hippocampus has been widely studied as an important neuroanatomical structure during learning and memory. Nicotinic acetylcholine receptors (nAChRs) are expressed in many hippocampal cell types, and pharmacological studies have implicated nAChR signaling in hippocampus-related behaviors including attention, learning and memory [1] [2] [3] [4] . In addition to the role that endogenous nicotinic cholinergic signaling plays in hippocampal function, the addictive drug nicotine has been shown to have profound and long-lasting effects on hippocampal synaptic activity. Here we will describe the types of nAChRs expressed in the hippocampus, what is known about their basic function, and how signaling via nAChRs affects hippocampal synaptic plasticity. We will also discuss how nicotine addiction is facilitated by synaptic plasticity in the hippocampus.
Neuronal nicotinic acetylcholine receptors
Nicotinic acetylcholine receptors are ligand-gated ion channels formed from the combination of five individual subunits surrounding an aqueous pore. There have been a total of 17 distinct genes identified in vertebrates that encode nAChR subunits. The various nAChR subunits can form functional channels from heteromeric combinations, or in some cases from homomeric assemblies, such as the α7 subunit. The relatively large number of identified genes results in a wide array of possible subunit combinations, many of which have been demonstrated to form functional channels in heterologous expression systems [5, 6] . The α1, β1, γ, δ, and ε subunits are found in vertebrate muscle, while α2−α10, and β2−β4 are commonly referred to as the neuronal subunits. In mammalian brain, functional combinations of nAChR subunits primarily consist of heteromeric combinations of alpha and beta subunits, although the α7 subunit forms functional homomeric channels that are widely distributed in the mammalian CNS, including the hippocampus. Because of the large number of possible subunit combinations and the lack of absolute certainty in determining the specific subunits that are present in native nAChRs, it is common to refer to various receptors as "containing" particular nAChR subunits. These receptors are denoted with an asterisk indicating that a specific subunit is present (eg, β2* or α7* nAChRs) [6] . It should also be noted that the term "neuronal" in reference to nAChR subunits is less than perfect because some of these subunits also have been found in non-neuronal tissues [7] .
Cholinergic projections to the hippocampus
There is widespread cholinergic innervation throughout the brain to a variety of targets, including the hippocampus [8, 9] . Generally speaking, these projections are diffuse and suggest broad, modulatory roles for cholinergic signaling at either muscarinic or nicotinic targets [8, 10, 11] . The medial septum-diagonal band complex is the primary source of cholinergic inputs to the hippocampus via the fimbria-fornix ( Figure 1 ) [8, 9, 12, 13] . The importance of these projections in maintaining normal cognitive function is highlighted by the fact that degeneration of the cholinergic neurons of the basal forebrain accompany cognitive deficits that arise is such degenerative pathologies as Alzheimer's disease [14] .
nAChR subunit expression in the hippocampus
Neuronal nAChR subunits are known to be highly expressed throughout the hippocampus [15] [16] [17] . Early radioligand binding studies in the rodent brain showed robust labeling by both nicotine and α-bungarotoxin (α-btx, a selective antagonist of the α7 nAChR) [18] . Later confirmation of similar binding sites in human hippocampus followed [19] . In the rodent hippocampus, in situ hybridization for subunitspecific mRNA indicates that the α7 and β2 subunits have the highest expression [15, [20] [21] [22] [23] [24] [25] [26] , but many other nAChR subunit transcripts are also present. Similarly, the human hippocampus also shows widespread nAChR expression, particularly within the interneurons, but the majority of pyramidal neurons and dentate granule cells also are immunoreactive for multiple nAChR subunits [27, 28] . The details of the normal physiological roles of nAChRs are still being elucidated, but there have been significant anatomical, pharmacological, and physiological advances. Thus far, hippocampal nAChRs have been identified as being expressed at presynaptic and preterminal sites, as well as being found at somatic and dendritic sites [5, 26, [29] [30] [31] [32] [33] . Exactly Figure 1 . The major cholinergic afferent projections to the hippocampus. The hippocampus receives cholinergic innervation mainly from the medial septum-diagonal band complex via the fimbria-fornix. A fine network of cholinergic fibers projects to the hippocampus and dentate gyrus, and synaptic contacts are made onto pyramidal cells, granule cells, interneurons, and neurons of the hilus [89] . In addition to direct synaptic connections, ACh may spill out of synaptic contacts and also produce volume transmission within the hippocampus via non-synaptic signaling [11, 50] (MS: medial septum, n Bas: nucleus Basalis, vDB: vertical Diagonal Band, hDB: horizontal Diagonal Band, SI: sublenticular substantia innominata, mHb: medial Habenula, LDT: Laterodorsal Tegmentum, PPT: Pedunculopontine Tegmentum, IPn: Interpeduncular nucleus. Adapted from Ref [9] © 1991, with permission from Elsevier).
where the various nAChR subtypes are positioned, whether they are expressed alone or with other subtypes, and whether receptor activation or desensitization predominates determines how neuronal excitability and circuit activity are regulated ( Figure 2) . Furthermore, the subunit composition of the various nAChRs dictates their pharmacology and determines the magnitude and time course nAChR-mediated changes in membrane potential or increases in intracellular [Ca 2+ ] [3, 5, 6] .
Presynaptic neuronal nAChRs regulate the release of multiple neurotransmitters in the hippocampus
One of the best characterized roles for nicotinic receptors comes from studies of their presynaptic expression and regulation of neurotransmitter release [34, 35] . This general function of nAChRs has been shown to be important in a multitude of brain regions including (but not limited to) the ventral midbrain, prefrontal cortex, cerebellum, interpeduncular nucleus, and striatum [36] . In the hippocampus, activation of nAChRs has been shown to facilitate the release of several neurotransmitters including glutamate, GABA, and norepine phrine [30, 34, [37] [38] [39] [40] [41] [42] . The mechanisms of facilitation involve nAChR mediated increases in presynaptic calcium concentration, which can be accomplished either directly via the highly calcium-permeable α7* nAChRs, or through depolarization and subsequent activation of voltage-gated calcium channels [16, 34, 39, [43] [44] [45] [46] . In addition, the initial calcium influx is capable of producing further Ca 2+ release from intracellular stores [47] . Presynaptic nAChR-mediated increases in glutamate release at hippocampal CA1 synapses is also known to contribute to the development of synaptic plasticity [41, 42] , a phenomenon that will be discussed in greater detail later in this review.
Somatic and dendritic nAChR expression
Unlike the classical fast synaptic transmission that typifies nAChR signaling at the neuromuscular junction and at peripheral nervous system ganglia, only a small minority of fast currents evoked by synaptically released acetylcholine have been reported in the hippocampus [48] . In spite of this, there is evidence for high levels of somatic nAChR expression. Patch-clamp studies using rodent brain slice preparations and non-synaptic agonist application have shown that β2* and α7* nAChRs are important mediators of nicotinic responses in the hippocampus. Mice lacking the α7 subunit lack the fast agonist-evoked currents that are characteristic of the α7* nAChRs [49] . Given the extent and variety of nAChR expression in this brain region, it is possible ACh that diffuses away from release sites can mediate nAChR currents that are presently underestimated [11, 50] . The diffuse nature of cholinergic innervation throughout the brain makes the isolation and experimental stimulation of well-defined groups of cholinergic fibers very difficult. The commonly used technique of brain slice electrophysiology severs a large number of axonal inputs, potentially reducing the activity of spontaneous cholinergic synaptic activity. There is also evidence for diffuse "en passant" synaptic release of ACh that may travel to non-synaptic sites, suggesting a role for volume transmission in hippocampal cholinergic signal ing [11, 50] . The fact that the ACh metabolite choline is a selective agonist of α7* receptors [51, 52] and that choline can desensitize these channels [53] further supports volume transmission as a potentially important type of cholinergic signal in the hippocampus.
Nicotinic currents can be found in the majority of hippocampal neurons including principal cells. However, the greatest degree of nAChR expression is found in GABAergic interneurons. Again, α7* nAChR currents are major contributors in these cells, but there are also significant contributions of β2* nAChRs [31, 32, 54] . The activation of nAChRs on GABAergic interneurons can have important circuit level effects by either inhibiting or disinhibiting pyramidal neurons [54, 55] . Since there is evidence for stimulation of hippocampal GABAergic neurons by endogenous nicotinic cholinergic activity [10, 48, 56] , it is likely that low concentrations of nicotinic agonists could desensitize nAChRs and decrease the tonic inhibition produced by these inhibitory interneurons. A similar nAChR-mediated reduction in inhibition has been observed in vitro in the ventral midbrain [57] [58] [59] [60] . This type of reduction in tonic inhibition is especially likely in the case of exposure to nicotine, since the GABAergic interneurons express greater levels of β2* nAChRs, and this nAChR subtype has a high affinity for nicotine resulting in greater desensitization [61, 62] . Thus, nicotinic cholinergic transmission can regulate the firing frequency of hippocampal principal cells directly, and also through more complex modulation of GABAergic inhibition.
Nicotinic modulation of learning and memor y behavior
Nicotinic agonists have long been known to improve certain types of memory-related behavior [3, 4, 63] . In animal studies, both acute and chronic nicotine administration improves working memory, and nicotinic agonists improve learning and memory in both humans and non-human primates [64] . By contrast, blockade of nicotinic function impairs memory. Selective infusion of nicotinic antagonists into either the basolateral amygdala, or the hippocampus has been shown to impair the working memory of rats in a radial arm maze task [65] [66] [67] [68] . In addition to these observations, some cognitive symptoms of Alzheimer's disease are improved by the clinical use of acetycholinesterase inhibitors. However, increased levels of acetylcholine do not selectively affect nAChRs, and there is evidence for the involvement of both nicotinic and muscarinic receptor function in learning and memory mechanisms [63] . It is important to note that nAChR function seems to affect only specific forms of memory and that there are some discrepancies in the literature that suggest that experimental conditions are important for uncovering nicotinic effects on memory. For example, radial arm maze studies using rodents indicate that nicotinic agonists enhance working memory, but not reference memory [64, 68] . Studies using either pharmacology or selective cholinergic lesions suggest that cognitive impairment or the use of difficult behavioral tasks are necessary to reveal the memory benefits of enhanced nicotinic function [69] . In keeping with this general idea, nicotinic agonists have also demonstrated the ability to improve memory in aged animals [70, 71] . However, another study showed no improvement in working memory performance with aged rats given chronic nicotine [70] . Differences in experimental conditions and variations in the level of basal cholinergic function between species or strains of animals may contribute to these discrepancies. The apparent sensitivity of these effects of nicotinic function on memory further supports the idea of a primarily modulatory role in this type of behavior. That is, if cholinergic functioning is normal or intact, then experimental manipulation of nicotinic function may not produce observable memory improvements. But, if the subject is impaired or presented with a difficult task, then nicotinic activity can serve to improve or normalize performance.
In addition to this well documented, but complex role for nAChR function in learning and memory behavior, in vitro experiments have also shown a role for nicotinic receptor function in hippocampal network activity. Specifically, the α7* nAChR has been shown to be involved in the induction of gamma (30−80 Hz) oscillations in rat brain hippocampal slices [72] , a firing pattern linked to attention, learning, and memory.
Synaptic plasticity underlies learning and memory and is modulated by nAChRs
For several decades the cellular processes of synaptic plasticity have been hypothesized to subserve learning and memory behavior [73] . There are multiple forms of synaptic plasticity that have been demonstrated in the hippocampus, including short-term potentiation (STP), long-term depression (LTD), and long-term potentiation (LTP), all of which have been associated with memory [74] . LTP, a long lasting activity-dependent strengthening of synaptic transmission, came to represent the physiological fulfillment of Hebb's postulate regarding coincident activity of neurons [75] . This hypothesis was put forth many years ago, and the evidence supporting the hypothesis has culminated in direct support for the relationship between hippocampal LTP and memory measured in freely moving mice [76] . LTP can be induced experimentally in a variety of ways, but a common method of in vitro LTP induction involves the pairing of a presynaptic stimulation with a postsynaptic depolarization. In the case of nicotinic receptors, the combination of nAChR mediated presynaptic facilitation of excitatory neurotransmitter release with a coincident postsynaptic stimulus can either directly produce synaptic plasticity, or modulate its direction or duration [41, 42, 77, 78] . This dual mechanism of presynaptic facilitation of glutamate release coupled with postsynaptic depolarization and subsequent increases in intracellular [Ca 2+ ] allows nAChRs to function to produce or enhance the kind of coincidence that is necessary for synaptic plasticity to occur.
The timing and location of nAChR activation regulates hippocampal synaptic plasticity
The type of nAChR-mediated modulation of synaptic plasticity that is described in the previous section is known to be temporally and spatially restricted. As previously mentioned, activation and desensitization of nAChRs expressed by the inhibitory GABAergic interneurons in the hippocampus can have a significant net effect on the activity and output of principal cells. An example of this was seen in experiments where LTP was induced by high frequency stimulation at Schaffer collateral-CA1 synapses [41] . By varying the location of an ACh application pipette, it was possible to apply ACh in a manner that changed LTP to STP (in this case potentiation lasting ≤20 min). This occurs owing to the activation of nAChRs on neighboring GABAergic interneurons, which are known to directly inhibit CA1 pyramidal neurons [41, 54, 79] . A similar effect can be produced with GABAergic neurons having inhibitory connections to other inhibitory neurons. In that case, activation of inhibitory neurons leads to inhibition of GABA neurons that inhibit pyramidal neurons. Thus, there is overall disinhibition of the excitatory circuit, producing a net increase in principal cell activity through disinhibition [54] . The timing of nAChR activity also can modulate synaptic plasticity. Properly timed nAChR activity can add further excitation that shifts hippocampal STP to LTP [42] . In mouse brain slices, STP was induced by pairing weak stimulation of Schaffer collateral-CA1 synapses with a depolarization of the postsynaptic CA1 pyramidal neuron ( Figure 3A) . The placement of a puffer pipette containing ACh in the dendritic field of the pyramidal cell showed that brief agonist applications alone (sufficient to drive action potentials in the postsynaptic neuron) were not sufficient to induce synaptic plasticity. However, if ACh was applied 2 s before the STP stimulus induction paradigm, a potentiation lasting at least one hour developed ( Figure 3B) . In other words, the brief 2 s preapplication of ACh boosted the induction of STP to LTP. This effect required ACh since action potentials evoked by a depolarizing current injection in the postsynaptic cell did not produce a similar increase in the duration of potentiation. A closer examination of the timing of ACh delivery revealed that if the last ACh-induced action potential preceded electrical stimulation by more than 5 s or occurred after the stimulation, then there was no enhancement of synaptic potentiation. Only if the last ACh-induced action potential occurred prior to stimulation within a range of 1−5 s, then LTP was produced. Interestingly, if the last ACh-induced action potential occurred <1 s prior to stimulation, then LTD rather than LTP occurred. Since these time-dependent differences in the sign and duration of plasticity occur over the course of seconds rather than milliseconds, there is a relatively broad range in which either endogenous ACh or exogenous nicotine may alter the nature of hippocampal excitatory outputs. It seems likely that the exact timings delineated in the in vitro slice system will be different than those present in vivo, but the results indicate that the timing of nAChR activity can dictate the plasticity consequences of afferent activity.
Nicotinic signaling regulates hippocampal synaptic plasticity in vivo
In addition to the in vitro evidence for nicotinic contributions to synaptic plasticity, there are studies showing similar findings in vivo. In anesthetized mice, nicotine has been shown to produce LTP at perforant path synapses in the dentate gyrus in the absence of afferent stimulation [80] . This differs from the in vitro situation where nicotine modulates or enhances existing synaptic plasticity brought on by high frequency stimulation. Since this was observed using systemic delivery of relatively high concentrations of nicotine in intact, anesthetized animals, it is difficult to make direct comparisons to the in vitro data. However, there are similarities in the time course and magnitude of the effect [80] . This same study showed that both nicotine-evoked LTP, and the LTP induced by high frequency stimulation are blocked by pretreatment with the non-selective nAChR antagonist, mecamylamine, suggesting that stimulation induced LTP requires endogenous cholinergic signaling via nAChRs. Furthermore, the β2* selective agonist epibatidine, as well as the α7* nAChR selective agonist choline were also able to produce a dose-dependent, in vivo LTP [80] . A recent study using transgenic mice showed that chronic nicotine upregulated the expression of the α4 nAChR subunit in the glutamatergic afferents of the medial perforant path from the entorhinal cortex to the dentate gyrus in the hippocampus [81] . Mice treated with a similar chronic nicotine paradigm had hippocampal brain slices that showed an enhancement of LTP when given acute nicotine with tetanic stimulation of the medial perforant path. Interestingly, this sensitization of excitatory inputs to the dentate gyrus was paralleled by a similar upregulation of α4 nAChR subunits in the inhibitory GABAergic neurons of the ventral midbrain, resulting in a concomitant decrease in nicotine-mediated dopaminergic activity, possibly contributing to nicotine tolerance [81] .
Hippocampal synaptic plasticity and nicotine addiction
One of the more challenging public health problems faced by society directly relates to the long-lasting changes in synaptic function that are brought on by the addictive drug, nicotine. There is a growing trend in the field of addiction research to view the problem, in part, as a disorder that involves learning and memory [82] . This hypothesis is supported by evidence that several addictive drugs, including nicotine, produce LTP in the reward-linked dopaminergic neurons of the ventral midbrain [83] . The hippocampus is recruited in this process as environmental and contextual cues are given salience by drug-enhanced activity of dopaminergic afferents. It is commonly reported in the epidemiological literature that specific environments will produce drug craving in humans, particularly those associated with previous drug use [84] . Furthermore, it has been shown in animal models that environmental cues can reinstate previously extinguished drug seeking behaviors [84] . Nicotine is an addictive drug that has a variety of profound, long-lasting, and direct effects on synaptic function in the hippocampus that may synergize with its effects on the ventral midbrain reward circuitry.
A large number of people continue to initiate tobacco use despite widespread efforts to educate the public regarding its addictive nature and potential health hazards [85] . Once the addiction process has progressed, tobacco users often report the desire to quit and frequently make several attempts with varying degrees of success and a very high rate of relapse [85] . In addition to psychosocial therapy, there are pharmacological treatments that have been approved for use in humans. These include nicotine replacement therapy, bupropion (Zyban ® ), and varenicline (Chantix ® ). Nicotine replacement therapy aims to use either oral nicotine (in the form of chewing gum or lozenges) or transdermal nicotine (a sustained release patch) to provide enough nicotine to lessen withdrawal symptoms, while preventing exposure to the known carcinogens and other hazardous substances in tobacco. Bupropion has been reported to be a nicotinic antagonist at relatively high concentrations [86] , but at clinically relevant doses, its primary mechanism of action is as a weak inhibitor of catecholamine reuptake [86] . It is interesting to note that bupropion is also prescribed for the treatment of depression under a different trade name (Wellbutrin ® ), suggesting that its utility as a smoking cessation aid may be related to its ability to mitigate some of the more aversive subjective experience associated with nicotine withdrawal. Varenicline is a relatively recently approved drug and was originally characterized as a partial agonist of α4β2* nAChRs [87] , but it has also been reported to be an agonist of α7* nAChRs [88] . It has been hypothesized that as a partial agonist of α4β2* nAChRs, varenicline provides an optimal, sub-maximal activation of the high-affinity nicotine receptor, while at the same time, competitively inhibiting nicotine itself from binding [87] . For each of these pharmacological approaches to smoking cessation therapy, it is currently unclear how hippocampal synaptic plasticity is affected, primarily because the relationship has not been studied in great detail. However, it is interesting to speculate that specific targeting of synaptic plasticity in various relevant brain regions may aid in the treatment of nicotine addiction. For example, future drug therapies may attempt to separate the strong relationships between certain environmental cues and the subjective experience of drug craving by working to counteract nicotineinduced synaptic plasticity selectively. Of course, any sort of drug design that would use this type of therapeutic strategy would require a better understanding of the basic mecha-
